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BiFeO; (BFO) was synthesized using a combustion sol-gel method
from reactants of Bi(NOs3)3.5H,0 and Fe(NOs);.9H,O with various
complexation reagents. The XRD results indicated that the synthesized
BFO materials, which were obtained by using a complexation reagent
of tartaric acid and annealed at 600 °C or 700 °C in two hours, have a
single phase of orthorhombic perovskite structure, belongs to R3c
symmetry group. The absorbance and photocatalytic activity of BFO on
Methylene Blue (MB) decomposition were studied using infrared (IR)
and UV-Vis spectroscopy. With a hollow porous morphology and a
narrow bandgap of ~2.20 eV, our obtained bulk BFO material almost
does not absorb but become a solar photocatalyst for degradation of
MB. Using BFO at 1.0 g/L, the degradation of MB can reach 90% after
90 minutes of illumination with MB concentrations of 10 - 30 ppm.
This was confirmed that photoexcited e-h pairs are responsible for the
degradation of MB under sunlight.
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BiFeO; (BFO) dugc ché tao bang phuong phap sol-gel tir cac tién chat
ban dau Bi(NO3)3.5H,0 va Fe(NO3)3.9H,0. Két qua phan tich gian do
nhiéu xa tia X cho thay hé vat liéu BFO ché tao dugc khi nung & 600 °C
va 700 °C 1a don pha véi ciu trac Provskie tryc giao, thuoc nhom ddi
Ximg khong gian R3c. Do hip thy va hoat tinh quang xuc tac cuia BFO
dbi v6i qua trinh phan hiy xanh Methylene (MB) dugc nghién ciru
bing phuong phap quang pho hong ngoai (IR) va UV-Vis. Qua tinh
toan BFO ¢6 d6 rong ving cam khoang 2,20 eV va gan nhu khong hap
thu MB nhung n6 lai ¢6 kha nang lam chit xtic tac quang phan huy MB
rat tot dudi anh sang mat troi. Ung véi nong do 1,0 g/L ciia BFO né ¢
kha nang phan huy MB ¢ nong d6 MB tir 10 - 30 ppm dat ti 90% sau
90 phit chiéu sang. Piéu nay chiing minh ring cac cip dién tur - 16
tréng (e-h) bi kich thich quang 12 nguyén nhan gy ra sy phan huy MB
dudi anh sang mat troi.
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1. Introduction

Nowadays, BiFeOs; (BFO) material has been extensively studied for its interesting properties,
such as the coexistence of ferroelectric phase and antiferromagnetic phase, adjustable band-gap
energy (Eg) (Eq ~ 1.3 — 3.1 eV depending on its structure, shape and size) [1] — [6]. These
characteristics make BFO a highly hopeful material, particularly in photocatalysis. However, the
crystal structure and physical characteristics of BFO are heavily influenced by fabrication
techniques. Many studies have been conducted to concentrate on the fabrication of BFO using
various techniques in order to produce single-phase BFO, but few have been successful [3], [7],
[8]. One of the most commonly described techniques is solid state reaction [9], [10], which can
be more easily manufactured as a single phase. However, materials made using this technique
almost always need to be sintered at high temperatures, and the resulting particles are typically
large (um), resulting in poorer photocatalytic effectiveness due to lower surface area. Other
chemical methods such as hydrothermal [11], [12], sol-gel [13], and coprecipitate [14], [15] have
been used to employ BFO nanoparticles (NPs) and related nanopowders with well-crystalline,
nano-size, and no secondary phases, which are thought to be advantageous for photocatalytic
applications. Sol-gel synthesis of nanoparticles is one of them, and the simplicity of the method
for producing functional oxides has piqued the attention of many academics. This is because the
technique is convenient and flexible, produces pure powders, and can be used to create materials
with excellent surface area, size, and morphology control [16]. Furthermore, when compared to
the other methods, the sol-gel technique demonstrated some benefits in regulating the chemical
composition and size of BFO NPs. For instance, previous works have shown that the BFO NPs
produced by the sol-gel technique could be used as a photocatalyst for various dyes such as
Methyl orange (MO) [17] — [19], Rhodamine B (RhB) [20], [21], and Methylene Blue (MB) [22].
Therefore, in this study, we focused on the fabrication of high quality BFO NPs using sol-gel
method, for application in photocatalysts.

2. Experiment

BFO NPs were synthesized using a sol-gel technique with Bi(NO3)3.5H,0 and Fe(NOs);.9H,0
predecessors. As complexation reagents, tartaric acid and polyvinyl were used. The obtained gels
were then annealed at different temperatures from 400 °C to 700 °C in 2 h. The crystalline
structure of NPs was investigated using an X-ray diffractometer. The surface morphology of
samples was examined using a scanning electron microscope (SEM). The optical properties of
BFO NPs were investigated using infrared (IR) spectroscopy and UV-vis spectrometer. The
photocatalytic activity of BFO was tested by degrading MB under the influence of sunlight. In
various pH environments of 3, 7, and 11, the MB was dissolved to varied concentrations of 10,
20, and 30 ppm, which were adjusted using NaOH and HCI. The BFO NPs were stirred into the
MB solution in increments of 0.5, 1.0, and 1.5 g/L. By resting BFO in MB solution for 10 - 90
minutes, the adsorption of MB to BFO was evaluated. The MB solution was centrifuged after
settling to remove BFO NPs. The leftover quantity of MB was then evaluated using UV-Vis
absorbance, which allows the adsorbed and degraded amount of MB to be calculated.

3. Results and discussions
3.1. Characterization of BFO

Figure 1 depicted the development of the crystalline structure of BFO samples as the heating
temperature is increased (T,). It is demonstrated that the formation of BFO phase was highly
influenced by the Ta. At low T,, beside the diffraction peak of BFO, there were several
diffraction peaks of other unknown phases, suggesting the uncompleted formation of BFO. The
peak intensities of these secondary phases dropped as Ta increased. These peaks almost
disappeared under T of 550 °C, except a peak located at 20 = 28 © of BixsFeOy. At T of 600 °C,
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formation of BFO was completed, without any secondary phase. All of the diffraction peaks
belong to orthorhombic perovskite BFO, corresponding to (012), (104), (110), (006), (202),
(024), (116), (122), (018) and (214) plane. These peaks matched very well with JPCDS 01-071 —
2494 card of BFO (ICDD database) [23]. According to this database, BFO has structure of
deformation orthorhombic perovskite structure, which belongs to symmetry group R3c with
lattice constants a = b = 5,587 A and ¢ = 13,867 A, with diffraction peak intensity ratio of
li0ay/l00) ~1. XRD results reveal that single- phase BFO material has been successfully
synthesized from the reaction of nitrates of Bi and Fe with complexation reagent of tartaric acid
and annealing temperature higher than 600 °C.
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Figure 1. XRD profiles of BFO synthesized at different annealing temperatures

Morphology, size and shape of BFO particles, which were annealed at 600 °C and 700 °C,
were investigated using SEM (Figure 2). At T of 600 °C, it was hard to see the boundaries
between BFO particles. The particles stick together to form a porous hollow structure as a
honeycomb. This structure allows high BET surface area, which is requisite for catalysts, catalyst
delivery agent, or adsorbents. At higher temperature, T of 700 °C, the hollow structure no longer
exists. BFO transforms to the form of dense particles, varying from 50 to 100 nm in size.
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Figure 2. SEM images of BiFeO3; samples
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Figure 3. Absorbance spectra and Tauc plot of BFO powders annealed at 600 °C and 700 °C

Narrow band gap energy is one critical factor for the applicability in solar photocatalysts.
Band gap energies of BFO powders annealed at 600 and 700 °C were calculated via absorption
spectra, which were investigated using solid UV-Vis spectroscopy (Figure 3) with Kubelka-
Munk theory [24]. As shown in Figure 3(a), BFO powders have noticeably wide absorption
range. BFO powders do not have sharp absorption edges but are quite broad, due to variation in
the crystalline size according to SEM images. The photo absorbance of BFO powders reaches the
maximum at ~ 450 nm. The Tauc plot (Figure 3 b) shows two edges of absorption. The main
absorption edge is located at 2.2 eV, which is direct band-to-band absorption. This obtained value
of the band gap of BFO NPs was similar results of previous works, which ranged from 19.7 to
2.32 eV [17] — [22]. This absorption most probably is attributed to the absorption of electrons
from O 2p level in valence band to Fe 3d in conduction band. Another absorption edge located at
energy of ~1.6 eV, is revealed by an absorption tail in absorbance spectra. This tail can be
explained by the absorption of electron from energy level T,g to the E4 level of d-orbital of Fe
ion [25]. This absorption is of course much lower than the previous one. Noticeably, there was
not much difference between absorption of samples annealed at 600 °C and 700 °C, except small
difference in the absorption tail in the range of 600-800 nm. These results confirm that with T, no
less than 600 °C, obtained BFO powders are single phases and then, their band gap energy does
not depend on the Ta.

3.2. Photocatalytic activity study
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Figure 4. Evolution of absorbance at 664 nm of a reference MB solution with MB concentration
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Concentration of MB in aqueous solution was determined by the absorbance at 664 nm
measured using UV-Vis spectrometer for 480-720 nm range. Evolution of the absorbance of a
reference MB solution at 664 nm with MB concentration was presented in Figure 4. For the MB
concentration in the range of 0.1 — 30 ppm, the absorbance was linearly proportional to the
concentration of MB in the solution. This linear relation allows us to use this method to evaluate
the photocatalytic effect via the properly determination of the concentration of MB using
absorbance at 664 nm.
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Figure 5. 600°C infrared spectrum before and after the adsorption of MB

Figure 5 shows the IR spectra of BFO samples, annealed at 600 and 600 MB, before and after
MB adsorption. It can be seen that both 600 and 600 MB samples showed the absorption peaks in
the range of 400 — 600 cm™. These peaks can be attributed to the stretching vibration mode and
bending vibration mode of O-Fe bonds in the octahedral FeOg in perovskite [12]. Besides, there
are absorption peaks located at 794 cm™, 827 cm™, and 852 cm ™ which are characteristic peaks
of the vibration of metal-oxy bonds (Bi-O; Fe-O) in the phase R3c of BFO [26]. Another
absorption peak located at 1041 cm™ also involves in vibration of Bi-O bonds. These results
confirm the formation of single phase BFO under annealing at 600 °C.

Table 1. Adsorbance of MB onto BFO 700°C after 60 min in dark

BFO 700°C MB Absorbance of  Absorbance of MB
concentration concentration pH initial MB solution after % adsorbed
(/L) (ppm) solution adsorption
1.0 20 3 1.4318 1.3210 7.74
1.0 20 7 1.3895 1.3531 2.62
1.0 20 11 1.3895 1.3112 5.64
0.5 20 7 1.3895 1.3641 1.83
15 20 7 1.3895 1.3587 2.22
1.0 10 7 0.6702 0.6527 2.61
1.0 30 7 2.0355 1.9409 4.65

IR spectrum of MB was attached to Figure 5 for understanding the MB adsorption capacity of
BFO. As shown in Figure 5, there was no noticeable difference between IR spectrum of BFO
before and after MB adsorption. Although the absorbance in the range of 500-2000 cm™ slightly
changed, no new absorption peaks was realized after MB adsorption. This slight change in
absorbance can be argued to be due to superposition of absorption of MB, but other parts of
spectrum show otherwise. The characteristic peaks of MB in the range from 2000 — 4000 cm™ did
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not appear in the IR spectra of 600 and 700°C BFO samples, suggesting that the adsorption of
MB on BFO samples is negligible.
Adsorbance of MB onto BFO was estimated using following fomula:

adsorbance (%) = C“‘g'ﬂloo (%)
thp

in which, Cy,, and Cgpp, is concentration of MB after and before adsorption, respectively. The
adsorbance of MB onto BFO in different pH enviroments was listed in table 1, 2.

Table 2. Adsorbance of MB onto BFO 600°C after 60 min in dark
BFO 600°C MB concentration pH Absorbance Absorbance of MB

concentration(g/L) (ppm) of initial MB solution after adsorption % adsorbed
1.0 20 3 1.4318 1.2556 12.28
1.0 30 7 2.0355 1.8452 9.35
1.0 20 11 1.3895 1.2442 10.46
0.5 20 7 1.3895 1.3524 2.67
1.0 20 7 1.3895 1.3531 412
15 20 7 1.3895 1.3323 3.98
1.0 10 7 0.6702 0.6433 4,01

According to table 2, a amount of adsorbed MB onto BFO 600 and 700 °C samples was
relatively small, for all investigated MB concentrations, BFO concentrations or pHs of the
solution. However, BFO 600 °C samples showed the higher MB adsorbance compared to BFO
700 °C samples, attributed to the larger surface area (Figure 2 SEM image). Therefore, BFO
powder annealed at 600 °C is more appropriate to photocatalytic application than samples
annealed at 700 °C.

Figure 6 (a) shows the evolution of UV-Vis absorption of MB solution with illumination time.
The photocatalytic degradation efficiency of MB, which was calculated via absorbance of MB
solution at 640 nm, was presented in Figure 6 (b).
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Figure 6. (a) Evolution of absorption spectra of MB 20 ppm with solar light illumination time, under
present of BFO 600 °C powder with concentration of 1,0 g/L, and (b) Evolution of MB degradation
efficiency (with various concentration of 10, 20, 30, 50 ppm) with illumination time, under the present of

BFO 600 °C powder (0,5; 1,0; 1,5 g/L)

The results show that the degradation of MB increased drastically in the first 20 min, then
increased gradually to a saturated value. When BFO concentration increased from 0.5 to 1 g/L,
degradation efficiency increased from 80 % to 90% with illumination time of 90 min. However,
when BFO concentration increased to 1.5 g/L, the degradation of MB was not noticeably
improved compared to 1 g/L. Degradation of MB was also investigated with different MB
concentrations using BFO concentration of 1g/L. There was no noticeable reduction in the MB
degradation efficiency with MB concentration from 10 to 30 ppm, while it decreased from 90%
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to 80% with MB concentration increased from 30 to 50ppm. According to these results, the
photocatalytivity of BFO with concentration of 1 g/L showed the best efficiency in MB
concentration of 30 ppm.

Dependence of MB adsorption and MB degradation efficiency on the pH of the solution were
presented in Figure 7 and Figure 8 respectively. The results show that when pH of the solution
changed from neutral to basic environment (pH = 11), degradation of MB almost did not change.
Vice versa, when pH of the solution changed to acidic environment, pH = 3, degradation
efficiency of MB decreased to only 55% in 90 min illumination. This behavior can result from
the passivation of acid to BFO. Acid can dissolve part of Fe in BFO into salt, then decrease the
photocatalytic activity of BFO.
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Figure 7. Absorbance of MB 20 ppm in the solution with different pHs, under present of BFO 600 °C, 1g/L

Mechanism of photocatalytic reaction with present of H,O and O, can be expressed as
followings [27]:

hv+ BFO — h* +¢’ (1)
h*+ reactant — product 2
e + reactant — product 3)
h*+ H,0 — OH +H* (4)
OH’ + reactant — product (5)
O, +¢ — Oz* (6)
0," + reactant — product @)

Depending on the reagent, the degradation can occur according to reactions (2), (3), (5), (7).
In general, O, is quite weak so reaction (7) rarely happens. In order to determine the mechanism
of photocatalyst, we studied the photocatalytic degradation of MB 20 ppm under sunlight with
M1B500 1,0 g/L and with presence of t-BuOH 10 mM, AgNO; 5 mM, or (NH,4),C,04 5 mM.
According to Shinde et. al [28], t-BuOH, AgNO;, (NH,),C,0, are reagents can react with OH",
h*, e, respectively, and passivate their activity. The obtained results were shown in Figure 8.

The results show that with or without presence of t-BuOH, degradation rate did not change
remarkably. With presence of (NH,),C,0,, degradation rate decreased from 85 % in 20 min to 62%.
With AgNO;, degradation rate decreased from 85% in 20 min to 40 %. This result suggests that the
loss of " caused the degradation of MB decreased remarkably (almost a half). The lost of h* also
reduced the degradation rate. In opposite, the lost of OH" did not change the degradation rate,
suggesting that the photocatalytic degradation of MB were mostly occurred according to (2) and (3).
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Figure 8. Photocatalytic degradation efficiency of MB under present of BFO 600 °C
with t-BuOH, AgNO;, (NH,4),C,0,

4. Conclusion

We have successfully synthesized single-phase BFO materials with hollow-porous structure
using sol-gel method with the complexation reagent of tartaric acid. Our BFO powder almost
does not adsorb MB, but possesses excellent photocatalytic activity for MB degradation under
sunlight. The degradation of MB happens quite fast in the first 20 min illumination. After 90 min
illumination, degradation of MB can reach to 90% with MB 10-30 ppm solutions using a BFO
dose of 1 g/L. Mechanism of MB photocatalytic degradation with BFO catalyst was shown due to
reaction of e-h pairs.
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